Abstract-Fluxgate magnetometers in a gradient alignment and a gradient superconducting quantum interference device (SQUID) magnetometer were used to determine the current induced in the Alaska oil pipeline during a period of geomagnetic disturbance. The measurements compared favorably to each other and to the nearby current deterninations using a shunt connected directly to the pipe.
I. INTRODUCTION
E LECTRIC current flowing in a linear conductor produces a magnetic field, encircling the conductor, which diminishes in intensity as a function of the distance. In this paper we describe measurements of the gradient of the magnetic field perpendicular to the axis of the Alaska pipeline that were used to infer the magnitude of the electric current induced in the pipe from auroral zone, ionospheric current sources.
The 1280-km-long Alaska oil pipeline bisects the state of Alaska as a conductor that is electrically grounded throughout its length. The end-to-end resistance is less then 10 Q. The route of the pipeline extends under the auroral zone, which has an active region maximum that occurs at latitudes usually between the center and northern terminus of the pipeline [1] . During active auroral periods strong electric currents, flowing in the ionospheric region of the luminous aurora near 100-km altitude, give rise to large fluctuations of the geomagnetic field at the earth's surface beneath the aurora of hundreds and even thousands of nanoteslas (1 nT = 1 gamma). The changing magnetic fields induce large electric fields and currents in the relatively poorly conducting earth. If the earth's surface were homogeneous in conductive properties, the pattern of this induced current at the surface would mirror that of the ionospheric source and show a preference for the geomagnetic east-west direction. Earth crustal inhomogeneities modify this pattern of induced currents. The long highly conducting pipe, which is electrically connected to the earth at regular intervals along the below-surface sections, has been shown [1] to carry an electric current of a size determined by Ohm's law I = kEy (1) where I is the current (amperes) in the pipe, Ey (volts/meter) is the electric field along the pipeline, and k (meters/ohm) is Manuscript received August 11, 1979; revised January 7, 1980. W. H. Campbell is with the Regional Geophysics Branch, U.S. Geological Survey, Denver, CO 80225.
J. E. Zimmerman is with the National Bureau of Standards, Boulder, CO 80303. the conductivity of the pipe. An earlier paper by Campbell [1, appendix B] gives the justification of this equation.
The horizontal electric field Ey is dependent upon the amplitude of the perpendicular horizontal, geomagnetic field variation Bx (nanoteslas), the period of this inducing variation T (minutes), and the fixed conductivity structure of the immediate earth subsurface, as first noted by Cagniard [11, [2] .
To a first approximation we may write (2) with k' a constant which includes the effective earth conductivity and therefore varies with differing measurement-site geology.
The magnetic field encircling a linear electric current of the type induced along the Alaska pipeline is (3b) where R is the distance from the center of the pipe, and go = 419 X 10-7 2 -s/m is the permeability of free space. With I in amperes and R in meters, Bz will be given in nanoteslas. Fig. 1 illustrates the decrease of field with distance for a 1-A current. The derivative of (3), rewritten to obtain the current, is I= -5 X 10-'R2dBz/dR (4) where dR (meters) is the increment in distance directed radially from the pipeline and dBz (nanoteslas) is the corresponding increment in magnetic field in a direction that would encircle the pipeline axis. For our measurements, dR was in the horizontal plane containing the pipeline axis and dBz was the corresponding change in vertical component of the magnetic field. Because only the time-varying part of the inducing geomagnetic field gives rise to the current fluctuations, only the fluctuations of field gradient, dBz/dR, are measured; the local, constant gradients of field, due to the magnetization of the iron in the pipe and of the local geological materials, are considered to be only the constant baseline level from which such fluctuations are determined. It was assumed that the field of the induced magnetization of the pipe would be much smaller than the field of the induced current in the pipeline.
Although the induced currents may become a problem for the Alaska pipeline metering systems that are unprotected for U.S. Government work not protected by U.S. copyright was assumed that the conductivity and scale of such crustal conductivity anomalies compared to the high conductivity and small pipeline diameter was such that the Z component contribution was essentially the same for the two magnetometers separated by 40 m and this contribution was removed by the subtraction process.
The pipeline axis at Fox Junction was about 2.8 m above the ground so a small trigonometric correction was made to adjust for the ground level plane of the magnetometers.
A small error was introduced by the method of scaling which depended upon a determination of the difference between the maximum and minimum levels of field pulsation (e.g., that oscillation near 0645 UT in Fig. 2 ). The where R is the distance from the dipole center to the point of observation in meters, and 0 is the angle between a position directly above the dipole and the point of observation. At large distances from the pipe, 3 cos2 0 becomes zero and the field varies as R-3. Near the pipeline axis the measurements behave as a dipole field that has a moment of approximately 800 A m2, as indicated in Fig. 4 where x is the horizontal distance from the axis to P, the point of observation, and a, and a2 are the distances from the two bifilar conductors to P. Assuming that a is small with respect to the distances to P, a1 = a2 = R so that the field changes as R -2. A bifilar representation of the pipe magnetization field for Ia = 234 is also shown in Fig. 4 . The observed fields seem to indicate that the pipe magnetization is superposed on a local spatial gradient that decreases from south to north. The field gradients due to the local geologic features and the permanent magnetization of the pipe do not vary with time and therefore do not contribute to our determinations of the field gradient from the induced pipeline-current variations.
B. SQUID Operation
The electronics, the cryostat, and the SQUID used for the present measurements were similar, in all respects but one, to the SQUID magnetometer system described by us several years ago [3] . The only difference was that the "fractionalturn" or multihole SQUID used for the pipeline measurements was built and mounted to respond to the horizontal gradient of the vertical field, rather than to the vertical field itself (see Fig. 5 ). With a multihole SQUID, this is accomplished simply by connecting half the holes to give positive output for an up field and the other half to give positive output for a down field. Thus, if the SQUID is mounted with the holes vertical, it responds to the change of vertical field across a horizontal diameter, a term in the field gradient of the form _BzIax, where B, is the vertical field component, and x is a distance measured horizontally. In (3) and (4), x becomes R, the radial horizontal distance from the center of the pipe.
Any asymmetries in a gradient sensor will result in a response to field as well as to gradient. The Fig. 1 ), which was also 10 m from the center of the pipe.
Because of the residual asymmetry of the SQUID gradiometer, and the method of correcting for it, the gradiometer measurements were, therefore, not completely independent of the fluxgate magnetometer measurements. Nevertheless, the gradient term in the gradiometer response was independent of the fluxgate magnetometers, so any gross inconsis- The use of a small bar magnet at measured distances from the gradiometer proved to be a very useful indicator of the asymmetries referred to above; it could probably be used to balance the asymmetries to one part in 103 or better, which would have been good enough for the pipeline measurements at 10-m distance. The gradiometer imbalance actually was measured by the much more sensitive and time-consuming method of rotating the instrument in the earth's field. The relative merits of the two methods are that the former can be done relatively quickly in the laboratory, while the latter requires a location free of artificial magnetic anomalies (i.e., away from the laboratory) and a moderately sophisticated mechanism for rotating the cryostat. On the other hand, the earth's field in many locations is highly uniform and enables one to achieve an imbalance of the order of one part in 106.
("Imbalance" here is defined as the response to uniform field compared to what it would be if both halves of the gradiometer were connected to measure sums rather than differences of fields.)
The instrument noise of the gradiometer was less than 10-3 nT/m for an output-averaging time of one second. A current of 1 A at a distance of 10 m gives a gradient (4) of 2 nT/m, far greater than the instrument noise level. Subsequent to the observations it was discovered that the Alyeska Pipeline Service Company had operated a current measuring shunt (5-,u2) system across a 198.1-m (650-ft) spacing of the pipeline at their Chena Test site about 9.6 km SE of our measurement location. A comparison of these Chena current values, ICH (amperes) and the simultaneous College electric potentials ECo, is illustrated in Fig. 6 . Assuming (6) to obtain the equivalent Fox Junction pipeline current, a comparison of the values obtained from the two sites is given in Fig. 7 Recent investigations have shown that the electrical properties of coal (dielectric constant and conductivity) are functions of electromagnetic wave polarization and propagation direction in the coal, frequency of the wave, and the moisture content of the coal [1] , [2] . For example, coal conductivity is lower when the electric field polarization is normal to the bedding plane. Additionally, thermally altered coal exhibits varied electrical properties [3] . All of these phenomena should have a physical or geological base; and the complex cause-effect relationships need to be delineated, necessitating an interdisciplinary approach to the problem solution.
Researchers have been studying the physical properties of coal and have developed several new models and techniques of study which may aid in the understanding of the electrical properties [4]- [6] . The physical parameters which may have an effect on the electrical properties are 1) rank and anisotropy of coal, 2) pyrite concentration and distribution, 3) moisture content, and 4) other mineral matter concentration.
Coal is a heterogeneous aggregate composed of organic and inorganic materials, which is derived from variously decomposed, physically and chemically altered plant remains which were deposited in sedimentary basins hundreds of million years ago. The optically homogeneous organic materials are called macerals, which are grouped as vitrinites, liptinites (exinites), and inertinites. Vitrinites are composed of coalifled woody tissues and usually account for more than 70 to 80 percent of any given coal seam. The inorganic materials include clay minerals, carbonates, sulfates, and sulfides. For the medium to be classified as coal, the total organic content must be greater than 50 percent [4] .
Fossil organic matter such as coal and coke is usually considered to be a colloidal substance, instead of a crystal [7] . Coal occurs in sedimentary layers in the earth and has three distinct physical planes. The bedding plane is generally more 01 96-2892/80/0700-0250$00.75 © 1980 IEEE
